Fluctuating properties of the atmosphere, and in particular its water vapour content, give rise to phase fluctuations of astronomical signals which, if uncorrected, lead to rapid deterioration of performance of (sub)-mm interferometers on long baselines. The Atacama Large Millimetre/submillimeter Array (ALMA) uses a 183 GHz water vapour radiometer (WVR) system to help correct these fluctuations and provide much improved performance on long baselines and at high frequencies. Here we describe the design of the overall ALMA WVR system, the choice of design parameters and the data processing strategy. We also present results of initial tests that demonstrate both the large improvement in phase stability that can be achieved and the very low contribution to phase noise from the WVRs. Finally, we describe briefly the main limiting factors to the accuracy of phase correction seen in these initial tests; namely, the degrading influence of cloud and the residual phase fluctuations that are most likely to be due to variations in the density of the dry component of the air.
(as is the case for ALMA) the individual elements of the in-
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terferometer are smaller than the characteristic length-scale over 24 which delay varies, and the received signal is sampled faster than 25 the characteristic time-scale over which the delay changes, then 26 the effects of variable delay can in principle be corrected in the 27 data processing step (Hinder & Ryle 1971) . For this to be pos-28 sible, it is however necessary to be able to estimate the delay 29 variation due to the atmosphere. In the case of ALMA a sys-30 tem of water vapour radiometers (WVR) operating at 183 GHz 31 is used for this purpose. Nitrogen, oxygen and other "dry" components of the tropo-34 sphere are well-mixed with each other and are in near pressure 35 equilibrium. As a result, the pressure and total column density 36 of the troposphere generally vary only slowly with time and 37 position. In contrast, the temperature of the dry air does vary 38 rapidly in time and position. This is due to a combination of hy-39 drostatic temperature variation, localised heating and cooling at 40 the Earth's surface and the effect of wind-induced turbulence. 41 These temperature fluctuations have only a minor effect on the 42 absorption by dry air but a significant effect on the refractive 43 index, leading to fluctuations in apparent delay of astronomical 44 signals. These delay fluctuations are, in turn, the dominant cause 45 of seeing that impacts astronomical observations at optical and 46 infrared wavelengths from the Earth's surface. These "dry" de-47 lay fluctuations due to temperature differences of air also have a 48 measurable effect at millimetre and sub-millimetre wavelengths, 49 but are generally much smaller than the effects of water vapour. 50 Due to its large dipole moment, water vapour is a strong 51 absorber at millimetre and sub-millimetre wavelengths. It also 52 significantly increases the refractive index of air and therefore 53 delays the radiation, with one millimetre of precipitable water 54 vapour corresponding to an equivalent of approximately 6 mil-55 limetres of extra "electrical path". Unlike the "dry" air compo-56 nents, water vapour is generally very poorly mixed with the other 57 components of air, which means that its concentration (or partial 58 pressure) varies rapidly in time and position. This in turn means 59 that the integrated water vapour along the line of sight of each el-60 ement of an interferometer, and consequently the apparent delay 61 to each element, are fluctuating in time in a way that is different 62 for each element. The magnitude of the noise in the measurements is unaffected 25 by these phase fluctuations and therefore the decorrelation leads 26 to a reduction in the sensitivity of the telescope.
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Secondly, the errors in the measured visibilities produce spu- of the telescope will be limited by the effects of the atmosphere.
45
The resolution achievable without correction is extremely vari-46 able, but a typical value is, coincidentally, similar to the optical seeing at good sites, i.e., around 0.5 arcsec (see for example the 48 analysis of ALMA site-testing data by Evans et al. 2003) . If no phase correction method is available, the only option is 
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Alternatively, if the surface brightness of the objects being 62 observed is sufficiently high, it may be possible to use the tech-63 nique of self-calibration (e.g., by Pearson & Readhead 1984; 64 Cornwell & Fomalont 1999) . With this technique, the observed 65 interferometric visibilities are used to solve simultaneously for 66 the path errors to the antennas and for the reconstructed image of 67 the sky. For this technique to be effective the signal-to-noise ratio 68 in the time interval being solved for needs to be high enough to 69 give phase errors smaller than those caused by the atmosphere. 70 This technique works well at centimetre wavelengths, especially 71 for compact non-thermal sources, but at millimetre and sub-mm 72 wavelengths many objects will not have sufficiently high bright-73 ness temperatures to satisfy the signal-to-noise requirement, es-74 pecially on the longer baselines. Several factors contribute to 75 this increasing difficulty as one moves to shorter wavelengths. 76 These include the nature of the emission, which is generally 77 thermal, the higher system noise temperatures and the fact that 78 the timescales of the atmospheric fluctuations that cause signif-79 icant decorrelation are shorter. The large instantaneous band-80 width available provides some mitigation when the source has 81 continuum emission, but that does not apply for objects where 82 the emission is limited to a few spectral lines.
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To alleviate the problems of low signal-to-noise ratio on the 84 science target, phase referencing (also known as fast-switching) 85 can be implemented. In this scheme a phase calibrator, nearby in 86 the sky to the science target, is observed frequently and the phase 87 measurements obtained for each antenna (from self-calibration) 88 are used to generate an interpolated phase correction table for the 89 source. This method is presented in Carilli & Holdaway (1999) 90 and is in routine use at the (J)VLA at 22 GHz and higher fre-91 quencies. For centimetre wavelengths, calibration on timescales 92 of order one minute is effective, but at millimetre and especially 93 sub-mm wavelengths much shorter calibration times are needed 94 to prevent significant decorrelation. Finding suitable phase cal-95 ibrators that are sufficiently close to the target also becomes in-96 creasingly difficult at higher frequencies.
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Another option is the paired-antennas method (see Asaki 98 et al. 1996) where sub-arraying (i.e., independent interferomet-99 ric arrays operating side-by-side) is used so that both the tar-100 get source and a calibrator source are observed simultaneously. 101 Provided that the science target and calibrator are close enough 102 on the sky, phase measurements of the calibrator can be used 103 to determine the phase correction required above each of the 104 calibrator-array antennas and these can be transferred, directly 105 or with interpolation, to nearby antennas in the science-subarray. 106 This technique has been used successfully at mm wavelengths at 107 the CARMA telescope (Pérez et al. 2010 ).
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Although they are effective at improving phase noise from 109 the atmosphere, both fast-switching and the paired-antennas 110 methods come at a cost in terms of sensitivity, in the former case 111 because time on source is reduced and in the latter because only 112 a fraction of the array is available for science observing. In addi-113 tion there are, in both cases, limitations on the accuracy that can 114 be achieved. In fast-switching, the non-continuous measurement 115 of the calibrator phase means that we are forced to interpolate in 116 time to estimate the phase corrections to apply to the observa-117 tions of the science source, and the lines of sight through the at-118 mosphere necessarily differ because the source and calibrator are 119 not co-located on the sky. In the paired antenna scheme, whilst 120 there is continuous measurement of calibrator phase, the path 121 through the atmosphere is different for the science and calibrator 122 sources, both because of the different sky positions and because 1 of the different positions of the antennas on the ground. (Baars 1967; Hinder & Ryle 1971) . By this time the basic tech-7 nique of using passive radiometers to do remote-sensing of the 8 water vapour content of the atmosphere was already developed 9 (Barrett & Chung 1962) and it was therefore soon proposed that radiometers could be used to correct for the path delay due to wa-11 ter vapour and therefore phase errors in an interferometer (e.g.,
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Schaper et al. 1970).
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The principle of radiometric phase correction is to make Observatory in California (Woody et al. 2000 residual errors on timescales longer than 180 s will be adequately 57 corrected by observations of point source phase calibrators near 58 to the science target.
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If these specifications are just met, they imply a 7% ampli-60 tude loss due to decorrelation (see discussion in Sect. 1.2) from 61 residual phase errors if observing at λ = 350 µm in 0.5 mm 62 PWV; 2.5% loss if observing at λ = 850 µm at 1.1 mm PWV; and 63 less than 1% loss when observing at λ = 3 mm when the line of 64 sight PWV is 3 mm. By comparison, the loss due to atmospheric 65 absorption when observing at λ = 350 µm through 0.5 mm PWV 66 is about 50%, i.e., much larger than the loss due to decorrelation. 67 The losses due to decorrelation are however highly variable and 68 hard to estimate. As a result they affect both the image quality 69 and the flux calibration accuracy. By contrast, the losses due to 70 absorption need not have a significant effect on imaging or ac-71 curacy, apart from the inevitable loss of sensitivity, so long as 72 appropriate calibration techniques are applied.
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The ALMA phase correction system consists of 183 GHz 74 WVRs installed on all of the 12 m diameter antennas. The WVRs 75 measure the observed sky signal, integrate the signal for an 76 operator-selected time interval and apply an internal calibration, 77 so that the output values are in units of antenna temperature. The 78 integration times used are typically around one second, as this 79 corresponds to characteristic minimum timescale (∼D/u where 80 D = 12 m is the antenna diameter and u ∼ 10 m s −1 is the 81 wind speed) over which the observed signal varies. The WVR 82 measurements are collected by the ALMA correlator subsystem, 83 recorded to the permanent data store and optionally used for on-84 line phase-correction. 
WVR instrument design
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A block diagram of the conceptual design of the radiometers de-87 ployed by ALMA is shown in Fig. 1 . This is an evolution of 88 the design originally described by Wiedner et al. (2001) which 89 was used as a starting point for two ALMA prototype WVRs 90 designed and built by a collaboration between the University 91 of Cambridge and Onsala Space Observatory. These prototypes 92 were in turn used as input for the detailed design and produc-93 tion of the final production WVRs by Omnisys Instruments AB, 94 Sweden. The detailed design of production units is described by 95 Emrich et al. (2009) . In this section we describe the design pa-96 rameters of the WVRs and their justification. 
Frequency response
98
The objectives of the frequency response and filter design of the 99 WVRs were:
100
-Maximum sensitivity to water vapour fluctuations over a 101 range of total water vapour column conditions.
-Sufficient frequency resolution to avoid using the saturated vertical distribution.
7
-Keep the design as simple as possible and limit the costs.
8
To maximise the sensitivity, the entire region of the spectrum 9 around the 183 GHz water vapour line is sampled simultane-10 ously using a double-sideband (DSB) mixing system with four system, a smaller phase noise is achievable in the corrected data.
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It can therefore be seen from this plot that the optimum frequen- Since mass-production of WVRs with frequency responses 64 that are very uniform is difficult, ALMA adopted a manufactur-65 ing specification with a 5% tolerance on the centre frequency and 66 bandwidth of the response of the entire system. To obtain the re-67 quired phase-correction performance it is however necessary to 68 have better knowledge than this of the actual response. This is 69 illustrated by Fig. 5 which shows a model computation of the 70 change of the constant of proportionality between sky bright-71 ness fluctuations and path fluctuations for a 5% change in the 72 channel centre frequency. It can be seen in this figure that a mis-73 characterisation of the centre frequency of that magnitude can 74 easily lead to errors of a few to 10 per cent in the phase correc-75 tion coefficients, which will typically lead to similar errors in the 76 derived path correction. Such errors would be significant when 77 compared to the specification shown in Eq. 
where:
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T ideal is the fluctuation, labelled "ideal" because it does not 11 take into account effect the gain fluctuations discussed in 12 Sect. 3.3;
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B is the bandwidth; 14 t is the total integration time;
15
T sys is the system noise temperature (and is of the order of 16 1000 K for ALMA production systems).
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The factor of two in Eq. (2) arises because the radiometers mea- from the difference of measurements on the sky and the calibra-22 tion loads (giving another factor of √ 2). A lower-noise design 23 is possible by having two separate receivers arranged so that one 24 is observing the calibration loads while the other is observing 25 the sky and vice versa. This was implemented on the prototype 26 WVRs but was not adopted for the production requirements for 27 reasons of cost and complexity.
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The relationship between a small change in sky brightness 29 and the consequent change in the electrical path to the antenna 30 is given by "phase-correction coefficients" which we denote by 31 dL/dT B . Plots of phase-correction coefficients computed from 32 models for the four channels of the production WVRs and for a 33 wide range water vapour columns are shown in Fig. 6 . The criti-34 cal region of PWV for sensitivity is around 2 mm of PWV where 35 the line begins to saturate and the effective sensitivity of the cen-36 tral channel begins to decrease rapidly. The phase correction co-37 efficients at around 2 mm PWV are around 4-6 K mm −1 while 38 the specification in Eq. (1) calls for a path error of 0.03 mm. 39 This calculation indicates that if the noise in measuring the sky 40 brightness can be held to of order 0.1 K, the specification can 41 be met in this critical region while still using data from only 42 one channel. A more detailed analysis of this topic is given by 43 Stirling et al. (2005) . In order to achieve a high effective sensitivity, the WVRs must 46 be calibrated frequently enough to remove the effect of gain fluc-47 tuations. These fluctuations in gain usually have a 1/ f spectrum. 48 Additionally, WVRs for ALMA need to have a good absolute 49 calibration, since the total power of sky emission is used in-50 fer the water vapour column and other atmospheric parameters. 51 They also need good stability in time and with respect to small 52 motions in the antenna.
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For a standard Dicke radiometer, an estimate of the effective 54 noise including the effect of gain fluctuations is: and T hot (about 360 K).
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The gain is estimated as:
where V cold is the signal when observing the cold load and V hot 27 is the signal when observing the hot load. Therefore: 
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The overall absolute calibration of the WVRs is fixed by ob-58 serving external ambient and liquid nitrogen calibration loads 59 during the in-factory characterisation of the units. The absolute 60 calibration is important as the absolute sky brightness is used to 61 fit an atmospheric model and to estimate the quantities needed 62 for translation of WVR fluctuations into path changes. 
Optical design
64
To ensure accurate phase correction it is important that the ra-65 diometer and astronomical beams overlap closely so that the ra-66 diometer is measuring the emission from the same water vapour 67 which is delaying the astronomical radiation. This was achieved 68 at ALMA by mounting the WVRs in the focal plane of the an-69 tennas so that they use the same primary and secondary mir-70 ror optics as the astronomical receiver. In fact the WVR beam 71 corresponds to the bore-sight of the telescope, with the four as-72 tronomical beams closest to it being the highest frequency as-73 tronomical receivers (Bands 7, 8, 9 and 10) since these are the 74 ones for which the phase correction is most important. The angu-75 lar separation between the WVR beam and astronomical beams 76 is between 3.5 and 9 arcmin, corresponding to a divergence of 77 between 1 and 3 m at 1000 m above ground level. At this dis-78 tance from the antennas the beams are still of order 12 m across, 79 so this separation corresponds to about 10%-30% of the beam 80 width. The quantitative impact of this beam divergence is inves-81 tigated by Nikolic et al. (2007) . Fixed relative pointing between 82 astronomical and WVR beams is guaranteed by rigid mounting 83 of the radiometer on the Front-End Support Structure that also 84 supports the astronomical receivers.
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The sensitivity of the WVRs is high enough that they can be 86 quite sensitive to spill-over radiation, especially if it depends on 87 time or the pointing of the antenna. For example, a 0.1 percent 88 change in the spill-over onto the ground will lead to about a 0.3 K 89 change in the observed signal, which is more than 3 times higher 90 than the thermal noise in a one-second integration time. Such 91 changes in spill-over would be confused with real changes of sky 92 brightness and therefore be translated into inaccurate corrections 93 of the phase of the astronomical signal.
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The magnitude of the spill-over for ALMA WVRs is min-95 imised by under-illuminating the optics. The overall antenna 96 gain of the WVR system is not important for WVR operation 97 since, to first order, the system needs only to measure the surface 98 brightness of sky emission along the boresight of the antenna. 99 Therefore the WVR system was designed to illuminate the pri-100 mary reflector with an edge taper of −16 dB and a maximum 101 of 2% spill-over past the secondary. The under-illumination, to-102 gether with adequate sizes for the relay optics between the WVR 103 and the secondary mirror, means that the overall forward effi-1 ciency of the system is over 95%. The under-illumination does 2 mean that the volume of the atmosphere that affects the astro-3 nomical signal is a little larger than that measured by the ra- brightness to determine the total excess path.
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For ALMA phase-correction we are however primarily in-
35
terested in the change of the electrical path to the antenna over 36 small changes of direction on sky and for small periods of time.
37
For small enough changes, the path can be linearised so that mates can then be combined to obtain a single best estimate:
where w k is the weight assigned to each channel. The sum of the 43 weights is unity.
44
The data processing steps consist of: Nikolic et al. (2012) . 61 The same model, together with the inferred atmospheric param-62 eters, is then used to estimate the phase correction coefficients. 63 We show in Sect. 5 that this estimate of the phase correction 64 coefficients is sufficiently good for the longest baseline lengths 65 that we have been able to test so far (B max ∼ 600 m). A fit to 66 observations from just one antenna is used to calculate the phase 67 correction coefficients for the entire array. We find that this is an 68 adequate approximation for the relatively short baselines used 69 with ALMA so far, but a more exact treatment may be needed 70 when longer baselines come into operation.
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In principle, there is a significant amount of freedom in se-72 lection of the weighting factors for combining the path estimates 73 from each channel (Stirling et al. 2004 ). The design work was 74 based on assumption that they would be chosen to minimise the 75 expected path fluctuation due the random Gaussian-like noise 76 intrinsic to the radiometers and this is what the current soft-77 ware system implements. In this case the weightings factors are 78 simply:
where δT B,k is the expected intrinsic noise in the k-th channel. 80 Alternative strategies can provide slightly better overall perfor-81 mance in certain conditions but at the cost of greater effect of in-82 trinsic noise. For example, in the case of relatively wet weather 83 the centre of the line is saturated and the measured sky bright-84 ness fluctuations then correspond not only to water vapour col-85 umn and intrinsic noise fluctuations but also to the fluctuations 86 of the physical temperature of the water vapour layer. In this case 87 the measurement of path would be improved by down-weighting 88 the contribution of the central channel further than indicated by 89 Eq. (11). Such additional re-weightings are a subject for fur-90 ther study and have not yet been implemented in the production 91 software.
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The results of phase correction can often be improved 93 slightly by scaling down the entire correction. The reason for 94 this is that the intrinsic noise in the WVRs, and other sources 95 of error in the estimated phase correction, are usually not corre-96 lated with the true atmospheric phase fluctuations. In more de-97 tail, the phase correction we estimateδL, for example accord-98 ing to Eq. (10), can be decomposed into the "true" atmospheric 99 phase change δL and an error term E:
If this best estimate of atmospheric phase fluctuations is applied 101 to correct the observed data, then the residual will be E and the 102 rms of the residual is simply:
Since we are dealing with fluctuations and error terms we can 104 drop the mean terms, i.e., we assume in the following that E = 105 0 and δL = 0.
If, instead of correcting using the best estimate of atmo-1 spheric fluctuations, we scale our estimate by a factor α before 2 applying the correction, we find that the rms of the residual is:
In most cases, and especially when the error term is dominated 4 by the intrinsic thermal-like noise in the WVRs, the error term 5 E is uncorrelated with the true atmospheric error, and therefore 6 δL · E ≡ 0. The residual rms then reduces to:
This expression, i.e., the residual phase fluctuation, has a mini-
It can be seen from this expression that when the true atmo-spheric path fluctuations dominate the noise term, δL E, it 11 is best to apply essentially the entire correction. However, when 12 the two terms are approximately the same δL ∼ E, which is of- 
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Although problems with ALMA radiometers have been rare 56 so far, computing these quality control statistics is important be-57 cause problems may not be apparent in astronomical data when 58 they are processed. 
Dealing with missing WVRs
60
ALMA will need to deal with antennas which do not have 61 functioning WVRs. One of the reasons for this is that ALMA 62 consists of two arrays of antennas: the "12 m Array" which 63 will have 50 12 m-diameter antennas and the Atacama Compact 64 Array (ACA) which will consist of four 12 m-diameter and 65 twelve 7 m-diameter antennas. The ACA is designed to operate 66 independently of the 12 m Array and with such short baselines it 67 only needs basic phase correction. It is therefore not planned for 68 the 7 m-diameter antennas to have their own WVRs but rather 69 for them to use the data from nearby 12 m-diameter antennas. 70 Other possible reasons for missing WVR data are faults in the 71 hardware or problems in transmitting the data.
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The simplest approach for dealing with missing data is 73 to interpolate neighbouring antennas to compute a predicted 74 WVR signal and use this predicted WVR signal throughout the 75 remainder of the analysis. We have implemented interpolation 76 as the weighted mean of signals from nearest three antennas, 77 with the weighting factor proportional to inverse distance to the 78 antenna. We find that this operates satisfactorily in the com-79 pact ALMA configurations since there are usually antennas with 80 WVR measurements available that are reasonably close at hand. 81
Initial results of phase correction
82
The effectiveness of phase correction can be measured by ob-83 serving known point-like sources (typically quasars) and com-84 paring the measured phases to the expected values. For a point-85 like source at the phase tracking centre of the interferometer, the 86 phase and amplitude of visibilities is expected to be constant for 87 all baselines and therefore any fluctuation in phases is due to a 88 combination of following effects: Here we summarise the results of initial measurements of effec-93 tiveness of radiometric phase correction, which were all made 94 with ALMA in compact configurations, i.e. with baseline lengths 95 between 15 and 650 m.
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As shown in Eq. (10) the path (and therefore phase) correc-97 tion for an antenna over short periods of time is described by a 98 linearised relation with the changes in each of the WVR chan-99 nels. Since the fluctuation in phase of visibility is proportional 100 to the difference in path to the two antennas forming the baseline 101 over which the visibility is measured, Eq. (10) implies that there 102 should be proportionality between the phase fluctuations and the 103 difference of readings of the WVRs on the two antennas.
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A good way of visualising the potential efficiency of 105 WVR phase correction is therefore to plot the correlation be-106 tween these two quantities, i.e. the path fluctuation and the dif-107 ference between WVR measurements, as a two dimensional his-108 togram. We show these for a typical observation in Fig. 7 . In 109 running mean over 300 s.
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It can be seen in Fig. 7 figure (Fig. 8) shows the improvement in relatively humid 23 conditions (PWV ∼ 2.2 mm) during unstable daytime conditions 24 on baseline which is about 650 m long. As can be seen the phase 25 fluctuations are reduced by almost an order of magnitude (in 26 terms of path rms from about 1 mm to 0.16 mm), meaning that 27 they are reduced from a level which would almost completely 28 decorrelate the signal to one which is adequate for interferomet-29 ric imaging.
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The results in the dry (PWV ∼ 0.5 mm) and stable night-time 31 conditions on a short baseline of ∼20 m are shown in Fig. 9 . In 32 this example the path fluctuation (after removing the 3 min run-33 ning mean) is reduced from 14 µm to 7 µm. Although the rel-34 ative improvement is much smaller than that shown in Fig. 8, 35 this example illustrates the very high absolute level of perfor-36 mance that can be achieved. Both examples also illustrate the 37 good long-term stability of the WVRs with no noticeable drift.
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The initial testing has confirmed the presence of some short-39 comings which were, to some extent, anticipated during the de-40 sign stage. The most obvious of these is the effect of cloud on 41 the phase correction. Variable cloud cover causes fluctuations in 42 sky brightness which do not have the same relation to the path 43 fluctuation as those due to water vapour and this leads to erro-44 neous phase correction. Even on relatively short baselines this 45 effect has been found the be large enough to make the phases 46
Article number, page 9 of 11 A&A proofs: manuscript no. aa20987-12 after correction worse than before correction on some occasions. The second shortcoming which has been identified is the In practice, the impact of such errors on ALMA observations 43 can often be reduced by using self-calibration on timescales 44 which are long enough to provide adequate signal to noise ratio 45 but short enough to correct for the slowly changing elevation-46 dependent errors. Additionally, the sensitivity of ALMA is in-47 creasing as more telescopes are commissioned into the array and 48 this means fainter (and therefore closer) phase calibrators can be 49 used, which reduces any elevation-dependent errors. The accu-50 racy of phase correction when combined with phase referencing 51 is nevertheless an important topic which we hope to examine as 52 part of future work. 
Summary
54
We have described the design of the ALMA water-vapour ra-55 diometer phase-correction system. Compared to most previous 56 systems, the ALMA system has the following advantages:
